Abstract-The paper deals with the analysis of the magnetic field distribution near the transition tower of an overhead-underground transmission line of 110 kV. The current density induced in the human body due to this field is also estimated. A hybrid numerical technique combining both the boundary element method and the charge simulation method is employed for this purpose. This technique is implemented in the author's own software package dedicated to the analysis of electromagnetic exposure in the vicinity of power objects. A simplified numerical model of the human body of dimensions recommended by the IEC/EN standards is employed in computations. Obtained numerical results are related to the appropriate regulations regarding the human exposure to the electromagnetic fields.
INTRODUCTION
Overhead HV lines are sources of the electric and magnetic fields of low frequency (50/60 Hz). Near the ground surface, these fields cannot exceed values determined by ecological and health regulations or EMC standards. According to the above regulations, the considered fields should be estimated during the HV line designing. In the literature, there are many papers, e.g., [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] devoted to the electric and magnetic field assessment in the vicinity of overhead HV lines. In these works, analytical methods [10] as well as numerical ones [1] [2] [3] [4] [5] [6] [7] [8] [9] are employed for this purpose. Nowadays, there are also commercial software packages, e.g., EFC-400 [11] (worked out by Narda), dedicated to estimate the electric and magnetic fields under HV lines. In general, the problem of the electromagnetic emission of these power objects is rather well recognized from the theoretical (computations) as well as practical (measurements) point of view.
Nevertheless, in practise, there are some particular problems that are not deeply analysed and discussed in the literature as yet. One of them is an estimation of the electromagnetic exposure near the HV tower on which a transition from an overhead line to an underground cable line takes place (Fig. 1) . In this case, insulated phase conductors are leaded vertically along the tower height and they are connected with a three-phase cable under the ground surface. People staying near such a tower can be exposed to the electric and magnetic field of higher strength than in the case of conventional overhead lines.
These hybrid (overhead-underground) HV lines are recently applied in great cities, to transmit the electric energy to central districts of these cities to supply large commercial buildings of a great demand for the electric energy.
The electric field emission from the considered tower was earlier analysed by the author and obtained results will be published in detail in the future article. In the present paper, the computational results of the magnetic field distribution near such a tower are exhibited. Moreover, eddy currents induced in the human body due to this field are also analysed. According to the guidelines of the International Commission on Non-Ionizing Radiation Protection (ICNIRP) [12] , the density of these currents in the human body cannot exceed 2 mA/m 2 in the case of general public exposure.
A hybrid numerical technique combining the boundary element method (BEM) [13] and the charge simulation method (CSM) [14] is employed to solve the problem in question. It was shown in previous author's works [7, 8, 16 ] that this approach is particularly suitable for the numerical modelling of fields emitted by power objects. Transition towers of 110 kV overhead-underground transmission lines.
MATHEMATICAL FORMULATIONS
In this section, general assumptions of the mathematical model of the magnetic field near the ground surface in the neighbourhood of the transition tower of the hybrid overhead-underground line are presented. A boundary-integral model of eddy-currents induced within the human body due to the external magnetic field is also shortly described. Basic integral equations governing these problems are formulated.
In the case of conventional overhead HV lines, the influence of tower frameworks on the magnetic field distribution is negligible on the contrary to their strong influence on the electric field distribution. This fact has been corroborated experimentally by earlier author's investigation [8] . The mentioned effect can be accounted for by a relatively small value of the magnetic field strength near truss angle bars. In this case, the relative magnetic permeability of these steel elements is approximately equal to 1. On the other hand, some vertical cables of the transition tower are located closely to the tower truss, therefore, the magnetic field strength can reach considerable values around some angle bars of the tower. According to the above remarks, the influence of these steel elements should be taken into account in the analysis of the problem under consideration.
In the proposed numerical model, the elements of the tower framework are represented by internally located fictitious line magnetic charges. The magnetic scalar potential is equal to a constant value on the surfaces of these elements. These assumptions lead to the CSM formulation for the ideal ferromagnetic object.
Conducting, nonmagnetic solid objects (e.g., human body) are represented by fictitious surface magnetic charges and fictitious surface currents. This assumption leads to the indirect version of the BEM for eddy-current problems, which was theoretically formulated by Mayergoytz in [15] .
The currents in live conductors excite the primary magnetic field, which is computed from the Biot-Savart law:
where: r is the distance between integration point P , and observation point P i , K ex is the curve representing excitation current I ex .
In the eddy-current subregion, which means here the human body, the magnetic field strength fulfils the following Helmholtz equation of the vector type:
where: i -imaginary unit, ω -angular frequency, γ -conductivity, µ -magnetic permeability. In the air subregion, i.e., outside the human body and tower truss, the scalar potential of secondary magnetic field is governed by the Laplace equation:
Continuity conditions on interface Γ I between the eddy-current subregion and the air resulting from the continuity of the normal component of the magnetic flux density and from the continuity of tangential component of the magnetic field strength are as follows:
Superscripts a and ec indicate that the value of the considered quantity belongs to the air or to the eddy-current subregion, respectively.
The boundary condition on the surface of the tower framework (ideal ferromagnetic body) is:
where C is an unknown constant value. The total magnetic scalar potential outside the current subregions can be expressed as superposition of the primary and secondary potentials:
The scalar potential of the primary magnetic field (derived as a line integral of H 0 ) is given below:
P 0 is a chosen point of the air space. The path of integration from point P 0 to P i cannot cross the surface of potential discontinuity. It means that this path cannot surround any source currents. In practical problems, the compact subregion that does not surround the source currents but contains the all problem boundaries and P 0 can be, in general, selected. If the integration path belongs to such a subregion the discontinuity of the scalar potential of the primary magnetic field does not appear. The magnetic field strength in the eddy-current subregion can be expressed as follows:
where j s (P ) denotes the fictitious surface current density. G H (P, P i ) is the fundamental solution for the 3D Helmholtz equation:
where:
The scalar potential of the secondary magnetic field can be expressed in the following form:
where σ m (P ) and τ m (P ) are the fictitious magnetic surface and line charges, respectively. K f is the curve representing the tower truss. G L (P, P i ) is the fundamental solution for the 3D Laplace equation:
Applying the well-known relationships of the vector calculus and the formula for the normal derivative of the single-layer potential and yet continuity conditions (4) and (5), the set of two boundary integral equations can be formulated:
Γ Kj denotes the surface of tower truss elements. Equation (16) resulting from the so-called magnetic Gauss law is introduced to obtain the unique solution of the problem because C is of unknown value. The set of the above integral equations is the basis for the hybrid the BEM and CSM approach to the problem under consideration. These integral equations are transformed into a set of algebraic ones. For this purpose, the subregion boundaries as well as lines representing the tower framework are subdivided into a finite number of surface and line elements, on which the unknown functions: j s , σ m , and τ m (P ) are approximated.
After determining the surface densities of fictitious current, j s , and magnetic charges: σ m and τ m (P ) (by the numerical solution of the set of algebraic equations), the magnetic field strength can be computed anywhere within the eddy-current region and in the air using formulas:
Obviously, if the conductivity of eddy-current region is of small value, as it is in the case of human body, it can be approximated by:
Generally, the eddy-current density can be computed using formula:
where H(P i ) denotes the magnetic field strength calculated by (17) . If the subregion of eddy currents and excitation current are separated each other, the eddy-current density can be computed as follows:
More details concerning this method are presented in [16] by the author.
GEOMETRY OF THE HUMAN BODY MODEL
In the literature, there are numerous papers, e.g., [17] [18] [19] [20] , devoted to computations of the eddy currents induced in the human body due to the external magnetic field. Realistic anatomical models of the human organism [17] [18] [19] are very useful for investigations of biological effects. On the other hand the simplified models [20] are rather more appropriate for dosimetry studies as well as for the analysis of practical problems regarding the human exposure to the electromagnetic fields.
An axisymmetric homogeneous numerical model of the human body is employed in the present paper. This model is recommended by the appropriate IEC/EN standards, e.g., IEC/EN 62233 [20] . Basic dimensions of the considered model are presented in Fig. 2 , where a subdivision of this object is also exhibited. The finite element implementation of this human body representation is described in [21] . In the present paper, the described earlier, indirect BEM approach is employed for the numerical analysis. In further numerical examples, the considered body model is situated 0.2 m over the ground surface as it is shown in Fig. 2 .
ANALYTICAL VALIDATION OF NUMERICAL RESULTS
The eddy-current distribution in the human body is not directly measurable; therefore, the analytical solution is employed to validate the numerical technique under consideration.
The problem of eddy currents induced by a homogeneous magnetic field is considered for this purpose. The strength of this field is parallel to the axis of the human-body model. When the conductivity of eddycurrent region is of small value, as it is in the case of human body, 
where subscripts n and a denote numerical and analytical results, respectively. The error distributions are presented in Figs. 4 and 6. Good accuracy of the numerical results corroborates the effectiveness of the applied numerical technique and the correctness of the worked out computer code.
It is worth to state that the simple formula (22) for the evaluation of currents induced in the human body is valid only in the case of homogeneous primary magnetic field and it is useless when this field is strongly inhomogeneous. In the further examples, the primary magnetic field is strongly inhomogeneous; therefore, the numerical technique has to be employed in this case. 
NUMERICAL EVALUATION OF THE MAGNETIC FIELD EXPOSURE
In this section, the magnetic field distribution in the vicinity of the transition tower of 110 kV line of two circuits is analysed. Moreover, computational results of eddy currents induced due to this field inside the numerical model of the human body are presented. The author's own software package BEMsolver 3D is employed for these computations. As it was mentioned earlier, the considered transition tower is equipped with vertical cabling which connects overhead conductors with the underground three phase 110 kV cable. The influence of this underground cable on the magnetic field over the ground surface is rather negligible because of three-phase compensation of this field and also because of its relatively deep location (about 2.5 m).
A special metal casing of 5 m height is applied to protect the vertical cabling system against a mechanical damage. Unfortunately, this casing almost does not dampen the magnetic field; therefore, the vertical cabling is the main source of the magnetic field near ground surface.
The approximation of the considered tower with the line-element mesh is exhibited in Fig. 7 , where the numerical model of human body located near this tower is also presented. In computations, the tower truss has been approximated by 428 line elements and the surface of human body model has been divided into 1344 boundary elements as in the previous section.
The above problem is described by 8920 algebraic equations. The total solution time (including time of discretization, calculation of coefficients of equation system, solution of equation system an calculating of magnetic field strength for a considered domain) on a Intel Core 2 Duo, T7600 2.33 GHz computer with 4 GB RAM is about 3 hours.
Distributions of the magnetic field strength near the HV tower at the levels of 1 and 2 m over the ground surface are presented in Figs. 7 According to the ICNIRP guidelines [12] mentioned in the introduction, a basic exposure restriction for the magnetic field of 50 Hz is the density of the current induced in the human body due to this field. This restriction prevents effects on human nervous system functions. The mentioned current density cannot exceed 2 mA/m 2 for the general public exposure. This current density should be estimated to ensure that the above condition is not exceeded. Unfortunately, this quantity is not directly measurable; therefore it has to be evaluated computationally.
In the consecutive numerical example, the eddy-current density in the human body model is analysed. This model is located (as it is shown in Fig. 7 ) in the distance of about 0.5 m from the vertical tower cables. The computations have been performed for two crosssections of the human body model: perpendicular and parallel to the transmission line axis. Numerical results are exhibited in Figs. 9 and 10. They show that the current density exceeds 2 mA/m 2 in the crosssection parallel to the HV line axis.
The above examples indicate that the transition tower can emit the magnetic field of significant strength near the ground surface. This field should be estimated during the tower designing.
It is well known from the theory and practice that it is very difficult to shield the magnetic field of low frequency. Nevertheless, some simple measures can be applied to avoid the transgression of the afore-mentioned restrictions. One of them is to lead the vertical cables closely (as it is possible) one to each other for the better three-phase compensation of the magnetic field. Another measure is to fence the tower to keep people in an enough distance from the vertical cables. Unfortunately, such a solution is not always possible. The similar solution is to enlarge the vertical cable casing.
CONCLUSION
The human exposure to the magnetic field of 50 Hz near the transition tower of the 110 kV overhead-underground line was investigated. The hybrid numerical technique combining the BEM and CSM was employed for this purpose. The numerical results indicate that the tower vertical cabling can emit near the ground surface the magnetic field of significant strength. The density of currents induced within the human body due to this field can exceed the value admissible by ICNIRP. The simple measures have been proposed to limit the people exposure to the magnetic field near the HV tower under consideration.
